ABSTRACT Immunomodulatory nutrients alter the immune response to pathogens. This study was conducted to determine the effects of immunomodulatory nutrients on the immune response to a lipopolysaccharide (LPS) challenge of layer chicks fed supplemental corn oil (control; 3%), fish oil (3%), conjugated linoleic acid (CLA; 1%), lutein (0.05 g/kg), or vitamin E (90 I.U./ kg). Four-week-old layer chicks were allotted to 10 treatment groups arranged as a 2 × 5 factorial with 2 sexes and 5 dietary treatments (TRT; 5 replicate pens of 2 male and 2 female chicks per TRT). After a 2-week diet adaptation, all birds were injected intraperitoneal with 1.5 mg/kg BW LPS. Twelve hours post challenge, samples were collected. Fish oil fed birds had greater (P = 0.03) spleen weight (% final BW) than the CLA fed birds. In the liver, the fish oil TRT had higher (P = 0.040) IL-12 expression than the corn oil TRT, but the corn oil TRT had greater (P = 0.001) IL-4 expression than the CLA, lutein, and vitamin E TRT. There was a main effect of sex of the birds on growth parameters at 12 h post LPS challenge in which male birds had greater beginning BW (P < 0.001), final BW (P < 0.001), and greater 12-hour BW loss (P = 0.020) than the female birds, but not relative weight loss. There were also main effects of sex on immunerelated gene expression with the females having greater gene expression than the males in the duodenal mucosal scrapings [IL-1β, IL-12, and TLR-4 gene expression (P = 0.026, 0.011, and 0.002, respectively)]; liver [IL-10, IL-4, and iNOS gene expression (P = 0.017, 0.032, and 0.006, respectively)]; and spleen [IL-1β, IL-10, IL-4, and iNOS gene expression (P = 0.001, 0.001, 0.001, and 0.005, respectively)]. Therefore, each immunomodulatory nutrient added to the diets of layer chickens resulted in different immune responses to an LPS challenge.
INTRODUCTION
As antibiotic use is dwindling, new disease prevention and control methods are being researched. In the animal agricultural industry, infectious diseases are of main concern because they decrease animal productivity and can lead to outbreaks of foodborne illness. Although vaccinations against certain diseases are helpful, this option may not always be viable depending on the disease and the cost of the vaccination (Klasing, 2007) . Therefore, it was hypothesized that modulating the immune system to induce a more protective immune response in preparation for pathogen exposure may be beneficial. One way to accomplish this modulation is through the inclusion of immunomodulatory nutrients in the diet.
An immunomodulatory nutrient can be defined as a nutrient that, when fed at dietary levels higher than the established requirement for maximal productivity, alters the immune response. There are many different types of nutrients that modulate the immune system, and their specific effects are dependent on the amount and type of the nutrient included in the diet. Many immunomodulatory nutrients are not considered nutritionally essential [e.g., carotenoids, flavonoids, and various long-chain polyunsaturated fatty acids (PUFA)], whereas others are clearly essential (e.g., vitamins A, D, and E). Different immunomodulatory nutrients appear to cause different shifts in the immune response, but the majority of the immunomodulatory nutrients that have been examined in poultry are ones that are considered anti-inflammatory in humans or in animal models used for human disease studies. In humans, antiinflammatory nutrients are used to help control diseases of aging that are mostly caused by chronic inflammation, including cancer, Alzheimer's disease, Parkinson's disease, osteoarthritis, rheumatoid arthritis, atherosclerosis, and myocardial infarction (Ames et al., 1993; McGeer and McGeer, 2004) . Although diseases of aging are not a primary issue to the poultry production industry, these same anti-inflammatory nutrients are used to 548 improve performance (e.g., growth, efficiency) particularly when a disease challenge or other insult causes a robust acute phase response.
Interpreting past research into anti-inflammatory nutrients as immunomodulators for use in the poultry industry has 2 major problems-first, the types of immunomodulatory nutrients and endpoints examined are typically based on the human/mouse literature and not protection from problematic poultry diseases. Second, the methodology between reported experiments varies greatly making comparisons difficult. The inflammatory immune response is needed to control and eradicate many infectious diseases common in poultry (Fritsche, 2006) including Salmonella spp. infections (Berndt and Methner, 2001 ), Eimeria spp. infections (Dalloul and Lillehoj, 2005) , and infectious bursal disease virus (Eldaghayes et al., 2006) . A protective immune response to many infectious diseases requires a Th1-mediated adaptive immune response, which may be dampened by anti-inflammatory nutrients. Second, the range of results found in the literature may, in part, be due to differences in the methods used, including various levels and sources of nutrients, different strains and ages of chickens, different pathogens and doses, in vivo vs. in vitro studies, and differing markers of inflammation or immunity. As an example, dietary lutein decreased oxidative stress (Lykkesfeldt and Svendsen, 2007) and inflammation in the liver and spleen of chickens following lipopolysaccharide (LPS) injection (Meriwether et al., 2010) . However, in another study, dietary lutein increased inflammatory endpoints in chicken macrophages . This effect was dependent on the amount of dietary lutein and also the amount of dietary fat or eicosapentaenoic acid (EPA) included in the diet .
Because previous research investigating the effects of immunomodulatory nutrients in poultry utilized different methods, the current study was designed to compare 5 different immunomodulatory nutrients using identical methodology. To evaluate any varying effects between known immunomodulatory nutrients during a challenged state, immunomodulatory nutrients that are well documented in the literature were chosen for this study: omega-3 PUFA (Korver and Klasing, 1997; Calder, 2001; Calder and Grimble, 2002; Calder, 2006) ; conjugated linoleic acid (CLA; O'Shea et al., 2004; Zhang et al., 2005) ; lutein (Kim et al., 2000; Selvaraj et al., 2010; Shanmugasundaram and Selvaraj, 2011); and vitamin E (Erf et al., 1998; Boa-Amponsem et al., 2000; Kaiser et al., 2012) . The objective of the current study was to compare the separate effects of 5 different immunomodulatory nutrients supplied by commercially available sources [corn oil (linoleic acid), fish oil [EPA and docosapentaenoic acid (DHA), CLA, lutein, and vitamin E] on the immune response to an acute LPS challenge in layer chicks using dietary levels that were documented to alter the immune response in previous studies.
MATERIALS AND METHODS

Animals and Experimental Design
Four-week old, mixed sex layer chicks (Hy-Line, W-36 derived; Gallus gallus domesticus) from the University of California, Davis, Hopkins Avian Research and Teaching Facility were utilized for this study (n = 100). Chicks were housed in thermostatically controlled starter batteries with raised wire floors. The room was environmentally controlled, with lighting kept at 12L:12D and a constant temperature of 25 o C. At 4 wk of age, when the birds' immune systems are fully developed, all birds were sexed based on comb size, weighed, and randomly allotted to 24 pens; mean BW differences between pens were negligible. Five replicate pens of 4 chicks (2 male and 2 female), were randomly assigned to 5 dietary treatments (TRT) for the 14-day (D) experiment. Food and water were provided ad libitum throughout the experiment. On experimental D14 all birds were given an intra-abdominal injection of 1.5 mg/kg BW LPS (from Salmonella typhimurium; L7261, Sigma-Aldrich, St. Louis, MO) in one ml of PBS; 12 h later all birds were euthanized and samples were collected. Body and feeder weights were recorded at D0, D7, and D14 pre-challenge and after the 12-hour LPS challenge. All practices were approved by and in compliance with the principles and guidelines of the University of California, Davis, Institutional Animal Care and Use Committee.
Dietary Treatments
Diets were isocaloric and isonitrogenous and based on a rice/soybean meal basal that exceeded all nutrient requirements for growing layer chicks (Table 1) . These ingredients were chosen because of their low levels of the immunomodulatory nutrients being examined. Dietary treatments (Table 1) consisted of supplemental corn oil (control; 3%), fish oil (3%; EPA 325 mg/mL; DHA 225.2 mg/mL), conjugated linoleic acid (CLA; 1%; Lutalin TM , BASF, Parsippany, NJ; 30% cis-9, trans-11 isomer and 30% trans-10, cis-12 isomer), lutein (0.05 g/kg; Oro Glo, Kemin Industries, Des Moines, IA), or vitamin E (90 I.U./ kg; T3126, D-alphatocopherol succinate, Sigma-Aldrich, St. Louis, MO). All diets contained 5.12% fat, with the basal containing 2.12% corn oil. Olive oil (refined) was used in the CLA, lutein, and vitamin E diets to bring total fat to the 5.12%. The inclusion levels of the immunomodulatory nutrients were chosen based on levels shown to be effective in modulating the immune response to LPS in previous studies (Leshchinsky and Klasing, 2001; .
Tissue Sampling
On D14, 12 hours post LPS challenge, all chicks were euthanized via cervical dislocation, and one bird per sex Menhaden fish oil containing: 3 IU/mL Vit. E; 0.325 g/mL DHA; 0.225 g/mL EPA; 0.09 g/mL other Ω-3 fatty acids. 7 CLA was added at 1% of the diet (30% cis-9, trans-11 isomer and 30% trans-10, cis-12 isomer; Lutalin TM , BASF, Parsippany, NJ) 8 Lutein was added at 0.05 g/kg diet (Oro Glo Dry, Kemin Industries, Des Moines, IA). 9 Provided at 90 I.U. /kg diet (D-alpha-tocopherol succinate, T3126, Sigma-Aldrich, St. Louis, MO).
per replicate was immediately dissected. Whole liver and spleen were removed and weights were recorded. Duodenal mucosal scrapings (DMS) were collected by removing the mid-duodenum, rinsing the tissue with PBS, and scraping the mucosal layer from the underlying connective tissue using a microscope slide. Liver, spleen, and DMS were sampled and put in a RNAlater R stabilization solution (Ambion, Austin, TX) and stored at −20
• C for later analysis of immune related-gene expression using qRT-PCR. Blood was also collected for analysis and quantification of plasma IgA via ELISA.
qRT-PCR Analysis of Immune-related Gene Expression
Total mRNA was extracted from the liver, spleen, and DMS using a modified version of the TRIzol R method (Invitrogen, Carlsbad, CA). Extracted mRNA was quantified by NanoDrop (ND-1000, NanoDrop Technologies, Wilmington, DE). Any genomic DNA within the samples was removed using a Turbo DNAfree TM kit (Ambion, Austin, TX). Reverse transcription was conducted using an adaptation of the iScript Reverse Transcription Supermix method (BioRad, Hercules, CA), in a MJ Mini Thermal Cycler (Bio-Rad, Hercules, CA), using the program: 5 min at 25
• C, 30 min at 42 • C, 5 min at 85
• C, and then cooled to 4 • C. Sample cDNA was then stored at −20
• C. Expression of the reference [glyseraldehyde-3-phosphate (GAPDH), NM 204305.1] and target genes [Interleukin (IL)-1β, NM 204524.1; IL-10, NM 001004414.2; IL-12, NM 213571.1; IL-6, NM 204628.1; IL-4, NM 001007079.1; inducible nitric oxide synthase (iNOS), NM 204961.1; and toll-like receptor-4 (TLR-4), NM 001030693.1] were determined via qRT-PCR using an adaptation of the iTAQ TM Universal SYBR R Green Supermix method (Bio-Rad, Hercules, CA). No significant diet or sex effects were seen for IL-6 or TLR4. Fluorescence was detected using a MyiQ iCycler PCR machine (Bio-Rad, Hercules, CA) and primers were purchased through Integrated DNA Technologies, Inc. (IDT, Coralville, IA). Reactions with no primer added were included as negative controls. The Ct values were converted to fold change by taking 40-Ct, adjusting for the Ct of GADPH sample specific reference (ΔCt), and then dividing the ΔCt by the average of the study control ΔCt. The corn oil TRT was considered the control for this study. All data are expressed as fold change relative to the control (RTC).
Plasma IgA Antibody ELISA Plasma samples were analyzed for total IgA using the Chicken IgA ELISA Quantitation Method (Bethyl Laboratories, Inc., Montgomery, TX). Ninety-six well plates were coated with 100 μl of one μg/mL affinity purified goat anti-chicken IgA (A30-103A) antibody suspended in coating buffer (0.05 M carbonate-bicarbonate, PH 9.6) for one h at room temperature. Plates were washed 5 times with washing buffer (PBS + 0.05% Tween 20; PBST) in between each step (including the following). Wells were blocked using 200 μl per well of 3% skim milk powder/PBS solution, and incubated for one h at room temperature. Standards (chicken reference serum, RS10-102, Bethyl Laboratories, Inc., Montgomery, TX) were diluted in conjugant diluent (PBST + 1% BSA) according to the Bethyl-Laboratories Chicken IgA protocol. Plasma samples were diluted (1:4000 dilution) in conjugant diluent. One-hundred μl of standards and plasma samples were added to individual wells, and incubated for one h at room temperature. HRP conjugated goat anti-chicken IgA (A30-103P) detection antibody was diluted (1:12,000 dilution); 100 μl per well was added and were incubated for one h at room temperature. Then 100 μl of TMB substrate (Thermo Fisher Scientific, Inc., Rockford, IL) was added to each well and incubated for 15 min at room temperature in the dark. The reaction was stopped with 100 μl of one M H 2 SO 4 . Plates were read within 30 min of stopping the reaction using OD 450 by Microplate Reader (Bio-Tek Instruments, inc., Winooski, VT). Sample concentrations (ng/mL) were calculated using a standard curve according to the ELISA Quantitation Method (Bethyl Laboratories, Inc., Montgomery, TX).
Statistical Analysis
Data were analyzed as a GLM, using JMP (SAS Inst. Inc., Cary, NC) as a 2 × 5 factorial arrangement with fixed main effects of sex (male or female) and dietary treatment (corn oil, fish oil, CLA, lutein, or vitamin E) and their interaction. The experimental unit was pen. For growth data, a random complete block design (RBCD) was used, blocking by level of the pen in the battery. For qRT-PCR and ELISA IgA data, a RCBD was used, blocking by plate. When there was a significant effect due to dietary treatment, Tukey's Studentized range test was used to separate treatment least square means across sexes using a probability of P < 0.05 as statistically significant. When the sex by treatment interaction was significant (P < 0.10), dietary treatment means were compared within each sex (Tukey's Studentized range test) and P < 0.05 was accepted as statistically significant.
RESULTS
Growth Performance
For growth performance pre-LPS challenge, there were no main effects of dietary treatment (Table 2) , but there was a main effect of sex of the birds (Table 3) on ADG with males having a 25% higher (P < 0.001) ADG than females (18.3 vs. 13.7 ± 0.39 g/bird/pen, respectively). For the final BW at 12 h post LPS challenge, there was an effect of sex of the birds on growth parameters at 12 h post LPS challenge. Male birds had greater beginning BW (P < 0.001), final BW (P < 0.001), and greater 12-hour BW loss (P = 0.020) than the female birds, but not relative weight loss.
Tissue Weights
At 12 h post LPS challenge, dietary TRT affected spleen weight as a % of final BW, because fish oil and vitamin E fed birds had 17.9 % greater (P = 0.031) spleen weight (% final BW) than the CLA fed birds (Table 2) .
Plasma IgA
For plasma IgA antibody concentration (ng/mL), there was a main effect of sex of the birds (P = 0.026) and also an interaction between sex and TRT. The significant interaction occurred because dietary TRT did not affect IgA levels in females but did in the males in which lutein fed males had 52.9% greater (P = 0.029) plasma IgA concentration than the vitamin E fed 
Immune-related Gene Expression
Duodenal Mucosal Scrapings (DMS). For immune-related gene expression in DMS, there was a main effect of sex (across dietary TRTs), with females having 22.3% fold higher (P = 0.026) IL-1β expression, 20.2% fold higher (P = 0.011) IL-12 expression, and 32.6% fold higher (P = 0.002) TLR-4 expression ( Figure 1A ). There were no effects of dietary treatment P > 0.05, nor sex by dietary treatment interactions P > 0.10.
Liver Tissue. For hepatic immune-related gene expression, there was a main effect of sex (across dietary TRTs), with females having 12.4% fold higher IL-10 (P = 0.017), 56.8% fold higher IL-4 (P = 0.032), and 37.9% fold higher iNOS (P = 0.006) expression than males ( Figure 1B) . There was also a main effect of dietary treatment (across the sexes) on liver IL-12 (P = 0.040) and IL-4 (P = 0.001; Figure 2 ). For IL-12 expression, fish oil TRT had 49.7% fold higher (P = 0.040) gene expression than the corn oil TRT. For liver IL-4 expression, the corn oil TRT had greater (P = 0.001) gene expression than the CLA, lutein, and vitamin E TRTs (by 76.3, 89.7, and 82.8%-fold higher expression, respectively). There were no interactions between sex and dietary treatments P > 0.10. Splenic Tissue. For splenic immune-related gene expression, there was a main effect of sex (across dietary TRTs), because the female birds had 35.2%-fold higher IL-1β (P = 0.001); 25.2%-fold higher IL-10 (P = 0.001); 62.3%-fold higher IL-4 (P = 0.001), and 43.5%-fold higher iNOS (P = 0.005) gene expression than the males ( Figure 1C ). There were no effects of dietary treatment P > 0.05, nor sex by dietary treatment interactions P > 0.10.
DISCUSSION
As animal agriculture moves toward less antibiotic use for control of pathogens, it is important to look into practical alternatives to prevent infection. The use of dietary alternatives to antibiotics in conjunction with vaccination programs is now being used in the agricultural industry. The use of immunomodulatory nutrients may have great application to the poultry industry; however, the results of previous research of individual nutrients aimed to modulate a bird's immune system are often conflicting. There has been very little research that compares different immunomodulatory nutrients in the same experiment, using the same endpoints (Fritsche et al., 1991; Fritsche, 2006; Vandeplas et al., 2010) . Therefore, this study was conducted to control for important factors that might explain previous conflicting results (e.g., dose, strain, techniques to measure immunomodulation) in order to compare and contrast the immunomodulatory effects of 5 known immunomodulators under the same experimental conditions. The study used amounts of each immunomodulator that are commercially practical, yet have been shown to alter the immune response to an inflammatory challenge in chickens. This study compared and contrasted the differences between the immunomodulatory effects of linoleic acid, omega-3 PUFA, CLA, lutein, and vitamin E on the immune response to an acute LPS challenge in young male and female layer chicks. Because caloric density is positively associated with the inflammatory response (Klasing, 2007) , the diets were formulated to be isocaloric by adjusting the amount of olive oil. Relative to other fat sources that might be used to control for caloric level, olive oil has very low levels of immunomodulating fatty acids such as long chain polyunsaturated fatty acids and short chain saturated fatty acids and the refined oil used in this experiment also has low levels of vitamin E (8 mg/kg) and polyphenols (0.06 mg/kg)."
The spleen weights of the CLA fed birds were lower than the fish oil and vitamin E fed birds. In general, the use of CLA in chicken diets has been reported to decrease ADG when no pathogen is present (Szymczyk et al., 2001; Badinga et al., 2003) . It has also been reported that the addition of CLA to male broiler chick diets decreases splenocyte proliferation (Takahashi et al., 2007) . This might contribute to the lower spleen weights observed in the current study of male birds fed vitamin E, but no change was noted in female chicks.
The mucosal immune system of the gastrointestinal tract is the first line of defense against invading pathogens, with secretory IgA being fundamental to mucosal immunity (Lillehoj et al., 2004) . Externest et al. (2000) concluded that there were significant correlations between blood IgA and the production of IgA at mucosal surfaces, therefore plasma IgA was used as an indicator of the IgA produced at the mucosal surfaces in the current study. We found that males fed lutein had 52.9% greater plasma IgA concentration than those fed vitamin E. This indicates that that sex does influence how the immunomodulatory nutrients alter IgA production and that lutein and vitamin E specifically were most affected by sex. Bédécarrats and Leeson (2006) found that dietary lutein (at 0.125 and 0.250 g/kg diet) increased the secondary antibody response to infectious bursal disease vaccination in layer hens. The inclusion of 0.05 g/kg of dietary lutein increased total IgA in the current study. The inclusion of very high levels of vitamin E (250-5000 mg/kg diet) also have been observed to increase total IgA levels in both the intestinal mucosa and serum compared to a control maize diet (Muir et al., 2002 ), but the vitamin E level in that study was considerably higher than would be commercially practical. In an experiment looking at lower levels, it was found that optimal levels of vitamin E in the diet for immuno-regulation ranged from 25 to 100 IU/kg diet (Leshchinsky and Klasing, 2001) . The current study used 90 mg/kg diet of vitamin E added to a basal diet containing a nutritionally adequate level of vitamin E (approximately 18 IU vitamin E), which could explain why the effects of vitamin E on IgA were not as prominent as those reported by Muir et al. (2002) .
Immune related gene expression also was affected by dietary fish oil. Fish oil in the diet increased the expression of IL-12 in the liver. In humans, omega-3 PUFA sources, like the menhaden fish oil used in the current study, are considered to have anti-inflammatory effects [Review by (Fritsche, 2006; Riediger et al., 2009) ]. In poultry, fish oil has been questioned as a useful immunomodulator because of potential anti-inflammatory actions (Al-Khalifa et al., 2012) . The reduction in inflammation could be detrimental if the birds are infected with a pathogen that needs an inflammatory response. Although some human studies found that fish oil supplementation failed to produce the antiinflammatory effects (Cannon et al., 1995; Schmidt et al., 1996; Blok et al., 1997; Yaqoob et al., 2000) , none of the studies shows an increase in inflammatory markers, as was observed in the liver of the current study.
Although corn oil was expected to influence the Th1 cytokine immune response, it also affected the Th2 cytokine immune response because it increased IL-4 expression in the liver. It was expected that the corn oil TRT would increase the inflammatory cytokines because it contains linoleic acid, a precursor for arachidonic acid, which is known for being inflammatory (Peterson et al., 1998) . Conversely, corn oil also increased IL-4 cytokine production. The cytokine IL-4 has been shown to promote Th2 lymphocyte development and inhibit LPS induced pro-inflammatory cytokine synthesis (Opal and DePalo, 2000) .
Most studies of immunoregulatory nutrients have not focused on differences between males and females, but there is strong evidence in humans and other mammals that both the humoral and cell mediated immune responses are often more active in females than in males (Weinstein et al., 1984; Grossman, 1988; Grossman, 1989 ). In the current study, the intensity of the immune response of the female birds was greater than the males for many different immune factors including IgA levels, iNOS gene expression, and cytokines IL-1β, IL-10, IL-12, and IL-4. Leitner et al. (1989) surveyed mortality responses in commercial broiler farms and found that even when both sexes were maintained under similar environmental conditions males had higher mortality beginning from the second week of age than females. To test the possibility that there was a difference in immunity to infectious disease between the sexes, they introduced a panel of antigens including NDV, E. Coli, and BSA to both male and female broiler chicks and found that females had an overall earlier and greater magnitude of antibody and T lymphocyte responses than males. This difference between the sexes might be related to the immunocompetance handicap hypothesis, which suggests that testosterone is immunosuppressive (Folstad and Karter, 1992) ; however, views on this hypothesis are controversial (Roberts et al., 2004) . Regardless, females had consistently greater immune response to LPS than the males in the current study.
Overall, each of the putitive immunomodulators had different effects on the immune response. Some of these had been reported, although some of our results contradicted previous observations. As discussed above, some of these contradictions may be due to dose or the end points examined. In the current study lutein increased plasma IgA compared to the vitamin E TRT; and in the liver the fish oil TRT had increased IL-12 gene expression when compared to the corn oil TRT, but the corn oil fed birds had greater IL-4 gene expression compared to all other TRTs. The effect of the sex of the birds had greater effect on the immune response to LPS challenge than diet, with the females having higher immune-related gene expression, liver and spleen tissue weights, and plasma IgA concentration. Although there were no sex by dietary treatment interactions in the current study, further investigation into the different effects of immunomodulatory nutrients on each sex individually could lead to new and innovative diets to optimize production/performance of male and female birds.
